Introduction
Compared with traditional silica-based materials, the high melting temperature and excellent corrosion resistance of single crystal sapphire optical fiber (SCSF) have made it a material of choice for harsh environment sensing applications. However, the large diameters and high numerical apertures (which are due to fabrication limitations) result in highly multimodal operation in unclad SCSF. The large number of modes present in SCSF potentially degrades the accuracy, resolution, and ultimately the performance of the Brillouin and/or Raman scattering-based sensing systems, partly due to the modal dispersion. 1 Recently, Liu et al. have discussed the potential application of SCSF on Raman scattering-based temperature sensing systems. 2 Subsequently, several fiber designs have been proposed to achieve modal reduction in SCSF for a variety of sensing applications. Significant work has been done to develop a cladding on the SCSF by different materials and dopants. [3] [4] [5] Unfortunately, these methods have limitations in industrial applications at high temperatures or in harsh environments due to dopant diffusion, transmission loss, and contaminations. Hill et al. used a wet acid etching method to reduce the number of modes in the SCSF by reducing the diameter to 800 nm. 6 To address these issues of unclad SCSF, a unique fiber design is proposed to minimize the number of modes without significant diameter reduction. In our previous study, we have proposed a new single crystal sapphire fiber design that has been referred to as the "windmill" shaped SCSF and demonstrated a dramatic reduction of modes. 7 In this paper, we studied an effective single-mode SCSF based on our "windmill" fiber design, and show that the single-mode operation condition can be controlled by tailoring the "windmill" parameters. The effective single-mode operation can be achieved by choosing the fiber parameters to induce high leakage loss for the higher-order mode (HOM), while maintaining low leakage loss for the fundamental mode (FM). [8] [9] [10] [11] We also analyze the fiber using finite element analysis-based numerical simulations and demonstrate that appropriate parameters can make the leakage loss of HOM three orders of magnitude higher than that of the FM. Such a fiber exhibits single-mode operation by stripping off the HOM while maintaining the FM over long distance of propagation.
Fiber Design and Method of Analysis

Windmill Single Crystal Sapphire Optical Fiber Design
The cross section of the proposed fiber design is shown in Fig. 1 . The windmill SCSF with the diameter d has six elliptical holes with semimajor axis a and semiminor axis b.
To find the smallest number of elliptical holes (N) for the windmill SCSF, simulations were performed under the identical condition while changing N from 4 to 20 for all studied fiber. The simulations predicted that the number of guided modes increases significantly with an increase in N. This can be understood from the fact that more segments (at fixed d, a, and b) lower the effective cladding index, which in turn increases the refractive index difference between the core and the cladding. The subsequent increase in numerical aperture allows the fiber to guide a larger number of modes. In an effort to assure a fully symmetric structure, it was found that the smallest number of allowable elliptical holes for windmill sapphire fiber is 6. Therefore, in this study, we focused on the six elliptical holes windmill SCSF.
As we discussed, the HOM of windmill SCSF can extend into the cladding region and become a leaky mode. A high differential leakage loss between the FM and HOM ensures single-mode operation in windmill SCSF. Therefore, the cladding design can be tailored to increase the HOM leakage loss that is sufficiently higher than that of the FM. Therefore, single-mode operation can be achieved in an optical fiber by quickly stripping off the HOMs, while maintaining the FM over the desired propagation distance. In all cases, we do not consider material loss, surface roughness, and the chromatic dispersion associated with the refractive index of the material. We focus exclusively on understanding the influence of the unique geometry on the propagation of the modes, which can be evaluated via confinement loss (CL). 7 
Theory and Analysis
In cylindrical coordinates, Maxwell's equations for electromagnetic fields in an optical fiber with invariant index profiles along the z-direction can be decomposed into longitudinal and transverse components by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 3 7 8 ξðx; y; z; tÞ ¼ fξ t ðx; yÞ þ ξ z ðx; yÞg exp½−jðωt − βzÞ;
(1)
where ξ denotes the E or H field and subscripts t and z denote the transverse and longitudinal components, respectively, and ω is the angular frequency. The leakage loss of a particular mode can be represented by the imaginary part of the complex propagation constant β. A special boundary condition of the computational domain, a perfect matched layer (PML), is applied to calculate β. A PML is a layer surrounding the computational domain, which can theoretically absorb without reflecting any kind of wave traveling toward the boundaries. The CL of an optical fiber can be estimated by employing a PML. For light propagating along the z-direction, Maxwell's equations for an optical waveguide with an anisotropic-type PML boundary condition are expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 1 9
where E is the electric field; H is the magnetic field; β is the complex propagation constant; k 0 is the wave number in the vacuum; ε r is the relative dielectric permittivity; μ r is the relative magnetic permittivity; and s is the PML matrix.
In this study, we estimated the CL of the optical fiber via the implementation of the finite element method (FEM) in the commercial software package COMSOL Multiphysics ® . The primary purpose of the numerical simulations was to optimize the windmill SCSF parameters with respect to the operating wavelength and range, and determine conditions for single-mode operation by comparing the CL between the FM and HOM. In Raman temperature sensing systems, the blackbody radiation yields a strong and stable background at high temperature, making it difficult to distinguish a weak signal. In addition, the Raman scattering intensity is inversely proportional to the fourth power of the wavelength. Considering the transmission window of SCSF, Raman scattering intensity and fiber attenuation, a laser wavelength of 0.532 μm is chosen to avoid the blackbody radiation and to maintain an acceptable fiber attenuation. At an incident wavelength of 0.532 μm, the refractive index of the core (single crystal sapphire) and cladding (air) is 1.7717 and 1.0. 12 A modified eigenvalue equation was applied in the FEM analysis 13 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 5 7 6
where E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 2 . 2 ; 3 2 6 ; 5 3 4
Here, λ is the eigenvalue and σ is the electrical conductivity.
For the time-harmonic problem, the electric field for out-ofplane propagation can be written as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 4 6 1 Eðr; tÞ ¼ Re½ẼðrÞe jωt−βz (4) whereẼ is a phasor and z is the known out-of-plane direction, and E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 4 0 7
where ReðβÞ and ImðβÞ are the real and imaginary parts of β, and the CL can be calculated by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 3 5 4 CL ¼ 8.686 ImðβÞ.
A direct linear system solver (UMFPACK) was implemented to complete the modal analysis by solving near the effective index of the single crystal sapphire for a discrete number of modes. All the simulations were performed through a number of iterations until a solution converged that met a defined error limit.
Numerical Results and Discussion
Single-Mode Operation
The effective single-mode operation in windmill SCSF can be achieved by evaluating the a and b parameters for different diameters, d, to induce a high CL for the HOM and a low CL for the FM. To evaluate the feasibility of single-mode operation, it is sufficient to calculate the CL of the first two modes, since the CL of the modes increase with their mode order for the chosen fiber structure. A high difference between HOM and FM ensures effective single-mode operation in this windmill SCSF fiber. In reality, it is easier to fabricate a windmill SCSF with small a and large b parameters. Thus, in this study, we design and analyze windmill SCSF with optimized parameters for effective single-mode operation. As shown in Fig. 2 , the effects of parameters a and b on the CL of the FM (in solid line) and HOM (in dashed line) in the windmill SCSF with a diameter of 70 μm [ Fig. 2(a) ], 50 μm [ Fig. 2(b) ], and 30 μm [ Fig. 2(c) ]. This figure indicates that CL of both modes decrease with b. This is due to fact that, at large b value, the core becomes more circular in shape and reduces the CLs of individual modes. With an increasing a value, the effective core diameter d 0 (the dashed circle in Fig. 1 ) shrinks and the cladding region increases, which reduces the CL of the studied modes in most cases.
At wavelength of 0.532 μm, the optimized parameters for the windmill SCSF with a diameter of 70 μm were found to be a ¼ 28 μm and b ¼ 6 μm. Compared with CL, 0.11 dB∕m, of the FM the CL of the HOM is significantly higher at 19.19 dB∕m. Therefore, a 1.04-m long waveguide can effectively strip off all the high-order modes and ensure the single-mode operation in windmill SCSF. The optimum parameters for a 50-μm core diameter windmill SCSF at 0.532 μm are a ¼ 18 μm and b ¼ 5 μm, with the CL of the FM at 0.27 dB∕m and HOM at 17 dB∕m. The optimum parameters for a 30-μm core diameter windmill SCSF at 0.532 μm are a ¼ 11 μm and b ¼ 3 μm, with the CL of the FM at 0.4 dB∕m and HOM at 97 dB∕m. A 1.18-m long with 50-μm diameter and a 0.2-m long with 30-μm diameter windmill SCSF can strip off all the high-order modes and ensure the single-mode operation under the wavelength of 0.532 μm.
Electric Field Distribution of Fundamental Mode and Higher-Order Mode
The electric field contour plot of the optimized windmill SCSF with studied diameters at wavelength of 0.532 μm are given in Fig. 3 with the FM on the top and the HOM on the bottom. As shown in the figure, the FM of the fibers are well confined in the core region while the great extension of the pattern into the cladding region of the HOM indicate their leaky behavior. The large leakage losses of the HOM in the studied fibers are reflected by these electric field contour plots.
Confinement Loss and Refractive Index as Functions of Wavelength
In our study, the spectral range is from 0.4 to 2 μm. Electric field distributions on the studied windmill SCSF at 0.4 and 2 μm with the optimized a and b parameters are shown in Figs. 4(a) and 4(b), 5(a) and 5(b), and 6(a) and 6(b). The black and white line contour plots demonstrate the electric field intensity distribution, where the intensity contours are spaced by 0.5 dB. The electric field of the FM is mostly confined in the effective core region with a small portion extending into the cladding region. On the other hand, the HOM has a much more dispersed pattern, and a large portion of the electric field is distributed into the cladding region. It is clearly demonstrated that at the shorter wavelengths, the 14 The refractive indices of the FM (solid line) and HOM (dotted line) in the windmill 
Conclusion
We presented a "windmill" SCSF design with single-mode operation in the spectral range from 0.4 to 2 μm. This is the first report of design and analysis of a "windmill" shaped single crystal sapphire fiber with large-core and singlemode operation in the spectral range from 0.4 to 2 μm. This design provides some unique advantages in terms of mode confinement compared to all other commercially available single crystal sapphire fibers. The fiber design analyzed by FEM simulations demonstrated a significant difference in the CL between the first two modes, which ensured single-mode operation. The high leakage losses of the HOM in the studied fibers were reflected in their distribution in the electric field contour plots. The large-core single-mode "windmill" SCSF is easy to handle and install compared with conventional single-mode SCSF, which has a core diameter of 500 nm. Since more light is transmitted within a large-core fiber, sapphire fiber with such a large-core would be useful in high power applications. These advantages in combination render this class of single-mode and largecore SCSF of interest for future applications. This basic fiber design will improve the performance of many SCSF fiber sensors including Fabry-Perot single-point sensors and Raman scattering-based temperature sensing systems. 
